Numerous human in vivo studies on skeletal muscle gene expression have investigated the effects of given interventions. These have been founded on the assumption that presampling can be regarded as a representative control for postintervention sampling. However, many genes are responsive to the metabolic status, which varies during the day, so that observed differences in gene expression between the pre-and post-sample may therefore be a result of the daily variations rather than an intervention. Furthermore, the sampling itself can cause a local stress response, which may also influence the expression of some genes in later samples from the same localized area. To test this, we performed a short-term human endurance exercise study in which muscle biopsies were obtained from healthy untrained individuals (n=14) before and in the hours after exercise to measure the expression of mRNA for previously reported exercise-related genes (e.g., PPARγ coactivator-1α (PGC-1α), pyruvate dehydrogenase kinase 4 (PDK4), MyoD, p21, (heat shock protein 72 (HSP72), lipoprotein lipase (LPL), citrate synthase (CS), and glucose transporter 4 (GLUT4)). To test for changes unrelated to exercise, one half of the subjects did not exercise. As suspected, several presumed exercise-induced genes were induced even without the exercise. Our data demonstrate that presampling is not always a representative control for postintervention sampling, illustrating that use of presampling can cause erroneous interpretations of the underlying induction signals.
The aim of the present study was to investigate the potential influence of factors other than exercise on muscle gene expression in a commonly used human exercise model. For this purpose an intervention study was designed in which untrained human subjects carried out a standardized one-legged knee extensor exercise protocol (6) and were compared with control subjects who did not undertake the exercise regimen. In brief, the exercising subjects worked for 3 h at 50% of their peak workload, while the control subjects were subjected to the same muscle sampling and dietary regimen, but without exercise-intervention included. The protocol for the intervention and sampling is described in detail in Fig. 1 .
MATERIALS AND METHODS

Study design
Fourteen healthy untrained male subjects, 20-30 years of age, participated in the study. Half of the subjects followed a protocol including exercise-intervention, whereas the other half followed the exact same protocol except for the exercise-intervention. All subjects was habituated and tested for maximal capacity in the one-legged knee-extensor exercise model (6) 10-12 days prior to the experiment. The protocol for the experiment is depicted in Fig. 1A . On day 1 of the experiment, subjects were instructed to take an evening meal of their own choice and then remain fasting overnight. On the morning of day 2, a preintervention needle muscle biopsy was obtained from the vastus lateralis muscle. Immediately after this biopsy sample was taken, subjects were given a high-glycemic morning meal and then instructed to remain inactive for the following hour. Subjects then either performed 3 h of one-legged knee extensor exercise at 50% relative of maximal work capacity (exercise subjects) or remained inactive (nonexercised control subjects). Another five muscle biopsies were then obtained from the same leg at time points immediately after exercise/nonexercise (0 h) and at 1, 3 and 8 h during the recovery period from the exercise or control interventions. After the 8 h postintervention biopsy, subjects were transported home and instructed to take a meal of their own choice and then remain fasting until the following morning. On the morning of day 3, the subjects returned to the laboratory for a final 20 h postintervention biopsy. The six biopsies were taken in one leg using three incision holes (Fig. 1B) . The two biopsies in each hole where taken at an angle such that the two samplings were separated by at least 3 cm.
Northern blot analysis
mRNA levels were determined by Northern blotting using cloned PCR products as described previously (7) . The PCR primers are shown in Table 1 . 28S rRNA was chosen as internal control, assuming 28S rRNA to be constitutively expressed. To validate this assumption another unrelated "constitutive" RNA, GAPDH mRNA, was measured and normalized for 28S rRNA (8) . No changes were observed. Also, the magnitude and pattern of changes for the different mRNA in this study was very diverse, arguing against an artifact of the normalization process.
Statistical analysis
Northern blot data were log-transformed and analyzed with two-way repeated measures ANOVA (treatment × time) using SAS (mixed model, autoregressive). At each time point, the differences from the prevalue for each group and between the groups were tested with a Bonferroni post-hoc t test. P < 0.05 was considered as being statistically significant. Data are presented as backtransformed means ± geometric standard error of mean.
RESULTS
Transcription factors
Differences in mRNA levels for the transcription factors MyoD, myogenin and PGC-1α are shown in Fig. 2 . PPARγ coactivator-1α (PGC-1α), which is involved in gene regulation during mitochondrial biogenesis, has previously been reported to increase in response to endurance-type exercise (9), but not short-term fasting (10) . In our exercised subjects PGC-1α mRNA ( Fig. 2A ) increased 2.5-fold compared with prelevel at 1 h postexercise, further to a 8.5-fold increase 3 h postexercise, it was still sixfold elevated 8 h postexercise, but then returned to a prelevel value at the 20 h postexercise time point. In the nonexercised subjects no change was observed. Because we also observed significant differences between the exercise and control samples at the 3 h and 8 h time points, our results seem in agreement with studies assuming that PGC-1α is exerciseresponsive. Myogenic Regulatory Factor (MRF) family members of muscle transcription factors are suggested to play a crucial role in muscle gene activation and differentiation (11) . Members of the MRF family have also been shown to exhibit increased expression in activated satellite cells, in vitro, during the muscle regeneration processes from damage induced through either toxic injections and/or denervation (3). Accordingly, the expression of all four MRF family members, MyoD, myogenin, MRF4 and myf5 were reported to increase from a few days postintervention and onward. Myogenin has further been reported to exhibit increased expression within 48 h after contusion injury in vitro (12) . On the other hand, the results from at least one in vivo study indicate no effect on MRF expression in relation to injury from repeated biopsies during recovery phase from resistance exercise (13) . In our exercise study, myogenin (Fig. 2C ) exhibited an approximate twofold increase 8 h postexercise, an increase that was maintained at 20 h postexercise. MyoD (Fig. 2B ) was shown to be up-regulated within an approximate twofold range within a time range from 0 h to 3 h postexercise. The control study, however, revealed very different results for the two transcription factors. Myogenin was not significantly increased under control study conditions. However, no statistical difference was evident between the exercise and the control group. MyoD, on the other hand, exhibited a twofold to fourfold increase in the control subjects within the time range equivalent to 0 h to 8 h post-exercise. If anything, MyoD induction seems to be reduced by the addition of exercise.
Cell cycle-related genes
p21, a cyclin kinase inhibitor that promotes cell cycle withdrawal, is shown in Fig. 2D . In exercise, p21 is regarded as a marker of muscle cell differentiation and primarily investigated in relation to resistance-type exercise. Furthermore, studies have established a correlation between p21 and myogenin gene up-regulation in response to increased load from unilateral removal of rat hindlimb muscle using the contralateral muscle as control and in spinal cord-injured human subjects in response to short-term intermittent 50Hz electrical stimulation (14, 15) . In our exercise study, we observed an 11-fold up-regulation in p21 expression gradually falling to a fivefold up-regulation compared with prelevel in the time range from 1 h to 8 h postexercise (Fig. 2D) . A similar up-regulation was observed in the nonexercised control group. Figure 3 shows the expression of HSP72 and three small heat shock proteins, αβ-Crystallin, HSP27, and HSP22. HSP72 mRNA up-regulation has been observed during the later phases of prolonged exhaustive concentric exercise (16) . This was shown to coincide with a decrease in muscle glycogen (16) and an increase immediately after exercise in glycogen-reduced muscle (17) . αβ-Crystallin has previously been reported to be prevalently expressed in high oxidative capacity type I fibers of rabbit skeletal muscle and to be transiently up-regulated during a 24 h recovery period from an 8 h single bout of 8 Hz electrostimulation in rabbits using contralateral leg as control (18, 19) . In the same studies, the structurally related heat shock protein, HSP27, was shown to be less responsive to electrical stimulation and seems to require a much more powerful stimulus than αβ-Crystallin (18) . In a more recent human exercise study, increased protein levels of αβ-Crystallin and HSP27 were already detectable within 24 h after 30 min of downhill running exercise when compared against the pre-exercise muscle biopsy sample (20) . The HSP22 member of the family of small heat shock proteins has recently been discovered and shown to interact with HSP27 during what is speculated to be a type I fiber-specific HSP complex that also includes αβ-Crystallin (21). In our study, we observed HSP72 to increase in the 2-4-fold range within the first 8 h of recovery in our exercised subjects (Fig. 3A) . Interestingly, it also increased in the control subjects, but by a different expression pattern. Accordingly, in the control study HSP72 mRNA was not observed to increase until the 1 h time point, when it reached the same level of up-regulation as in the exercise condition. It then leveled off at the 3 h time point, but once again increased at the 8 h time point followed by another leveling off at the 20 h time point. αβ-Crystallin (Fig. 3B), HSP27 (Fig. 3C) and HSP22 (Fig.  3D) were not induced in our exercise study, although for HSP22, this seems merely a result of the variance. In the control situation, however, we observed a transient significant 50% increase in αβ-Crystallin at the post 8 h time point. Also, in response to control conditions we found HSP22 to be 2-2.5-fold increased compared with prelevel in the period from 1 to 8 h. Figure 4 shows the mRNA levels for lipoprotein lipase (LPL), citrate synthase (CS), and muscle fatty acid binding protein (mFABP). In earlier studies, 2.5 h of two-legged endurance-type cycling exercise has been shown to induce expression of LPL in samples of muscle taken 2 and 5 h postexercise (5) . Other studies have shown that both 20 h of fasting in humans and 24 h of fasting (alone or combined with exercise) in rats were able to induce LPL up-regulation (2, 4). For CS, a significant up-regulation has been observed at 1 h and 48 h postexercise in endurancetrained rats (22) . For mFABP, an increase within a 2-2.5-fold range for mFABP mRNA as well as transcriptional rate has been reported as a result of 3 days of fasting in rats (23) . In our exercise study, all three genes involved in oxidative metabolism and fatty acid transport were induced. However, the three genes exhibited different expression patterns over the time course of recovery from exercise. LPL was up-regulated within a twofold range compared with prelevel at time points 1 h, 3 h, and 8 h postexercise (Fig. 4A) . CS was up-regulated by some 50% at 8 h and 20 h postexercise (Fig. 4B) . For mFABP, we were able to detect a 1.5-fold increase compared with prelevel 3 h post exercise, further increasing to a twofold increase at 8 h postexercise and maintained at 20 h postexercise (Fig. 4C) . No significant regulation was observed for the three genes in the nonexercised control conditions, although significant differences between exercise and control subjects could only be established for CS (all times) and for mFABP (at the 20 h time point).
Stress-related genes
Metabolic genes
The results for PDK4, GLUT4, and glycogen phosphorylase are shown in Fig. 5 . PDK4 facilitates inactivation of pyruvate dehydrogenase. This mechanism favors the entry of lipid products into the citric acid cycle over glycolytic products. Endurance exercise as well as highintensity intermittent exercise in humans have previously been claimed to be powerful inducers of PDK4 gene expression (5, 24) , but interestingly, short-term fasting has been observed to exert a similarly powerful PDK4 response (2). Nuclear run-on analysis has shown a 1.4-fold GLUT4 increase in untrained rats in response to single-bout exercise (25) . Recently, GLUT4 gene expression has also been shown to increase within a 1.5-2-fold range in the recovery phase from 6 h of endurance-type exercise in mice, peaking at 12 h postexercise (26) . Glycogen phosphorylase enzyme activity has previously been shown to decrease to lower than basal levels and then return to basal levels within 20 min during recovery from exhaustive swimming exercise followed by up 120 min of fasting in rats (27) . To our knowledge, at the transcriptional level, no information exists on glycogen phosphorylase. In our exercised subjects, PDK4 expression increased within a 5-7-fold range compared with prelevel in the time range from 1 h to 8 h post exercise (Fig. 5A) . However, our control study conditions provided almost the same magnitude of response within the same time-range. GLUT4 (Fig. 5B ) and glycogen phosphorylase (Fig. 5C ) showed no regulation in either exercise or control conditions.
DISCUSSION
Our results show that some "exercise-induced" genes, that is, PGC-1α and mFABP are indeed exercise-induced. However, other supposedly exercise-induced genes are induced even without exercise. So, as hypothesized, factors other than just exercise affect the muscle genes in a standard human exercise experiment. This result demonstrates that presampling alone can influence proper judgment of gene expression.
For instance, our results for the cell cycle-related gene, p21, indicates that p21 is induced by another stimulus like trauma or diet. Adams et al. measured p21 mRNA level in rat plantaris muscles after overload hypertrophy induced by surgical ablation of the soleus and gastrocnemius muscles. They observed a huge increase in p21 mRNA compared with the contralateral plantaris muscle and concluded that p21 is induced by overload. However, although the comparison to the contralateral plantaris muscle rules out influence from dietary status, the p21 mRNA increase may also be explained by the trauma induced in the operated leg and not the overload itself. Bickel et al. (15) have shown that p21 mRNA increases after resistance exercise in human subjects by taking biopsies pre-exercise and postexercise. They do not state whether presampling and postsampling were performed in the same leg. If it is the same leg, the postintervention increase in p21 expression might simply be a result of the prior biopsy sampling. One possible explanation for such a trauma-induced p21 regulation could be an attraction of immune cells. These infiltrating cells provided through the blood and included in subsequent biopsy samples could be responsible for the increase in p21. However, since Bickel et al. observed a strong correlation between p21 and myogenin increases, infiltrating immune cells are not likely to be responsible for the p21 increase, as they do not express myogenin. The fluctuating expression pattern of HSP72 in the control situation exemplifies a situation of more than one contributory stimulus. If HSP72 were to be induced by trauma alone, a similar expression pattern as in the control study would have been expected in the exercise study. However, HSP72 is clearly also induced by exercise. The biopsy sampling approach in our study includes different amounts of time between repeated biopsies in the same incisions (see Fig. 1B ). As such, the observed fluctuations in the control study could very reasonably be a very local HSP72 response to trauma. That is, the 1 h and 8 h biopsies are repeated biopsies in the same incision holes (high HSP72 level), whereas the 0 h and 3 h biopsies are the first biopsies in an incision hole (low HSP72 level) (Fig. 1B and 3A) . Nevertheless, the results from the exercise study strongly indicate that HSP72 is also inducible by exercise and/or simultaneous glycogen reduction. In regard to other stress-related genes of our investigation, one might speculate that a more powerful or eccentric exercise stimulus would have elicited responses in our exercise study. It is, nevertheless, puzzling that αβ-Crystallin and HSP22 are induced only in our control study, since trauma-induced expression would then have been expected in both exercise and nonexercise situations. Perhaps, the higher blood flow and the pumping effect of the dynamic knee extensor exercise play a role in diluting the trauma signals. Furthermore, with the transcription factor MyoD, something other than exercise was able to activate its expression. This increase might also be the result of the repeated biopsy sampling, but a previous study by Psilander et al. suggests that this is not the case for MyoD (13) . Although several successive biopsies were taken at similar time-points in the Psilander study, only at one time-point (immediately postexercise) was an induction of MyoD seen, indicating that the repeated biopsy sampling cannot explain the MyoD induction. Perhaps the reason for the discrepancy between their and our study relates to differences in the dietary conditions as discussed below. In contrast, the other two transcription factors of our investigation, myogenin and PGC-1α seem more likely induced by exercise since no significant regulation took place in the control study, although for myogenin, no difference was observed between groups.
The dietary condition in intervention studies is obviously another important factor for gene regulation in skeletal muscle. Type and timing of diet determine whether the subject should be regarded in a fed or fasted state, a state which is very important when judging whether expression patterns of metabolic genes seem logical. Although LPL was not significantly increased in the control study, the level did appear higher, and no significant difference to the exercise induction was observed. In fact, a more powerful dietary stimulus might have confirmed the results of previous studies reporting induction of LPL by dietary status. In this regard, it should be taken into consideration that one previous study relied on fasting in rats (4), which are characterized by greater metabolic turnover compared with humans. Also, in the human fasting study by Pilegaard et al. (2) the pronounced increase in LPL expression could partly be explained by large subject variation. We observed no CS regulation in control muscle, which was confirmed by the significant difference between exercise and control subjects. For mFABP, a significant difference between exercise and control subjects was evident only at the post 20 h time point. In general, LPL, CS, and mFABP seem more responsive to exercise or the combination between exercise and dietary manipulation than dietary state alone. Our results for PDK4 strongly indicate that exercise is not the real inducer of PDK4 expression. Pilegaard et al.
(2) studied the effect of fasting alone, or fasting followed by feeding, through either a highcarbohydrate or high-fat meal. They observed an up-regulation of PDK4 mRNA by fasting, but a further increase after refeeding, both with a high-carbohydrate and a high-fat meal. This raises the question of whether PDK4 expression is in fact more responsive to refeeding than fasting and exercise. Our own study suggests that this might be the case, as in both the exercise study and the control study the subjects were feed a high-carbohydrate meal 1 h before exercise. Another explanation of PDK4 up-regulation could rely on the effect of repeated biopsy sampling. However, in a rat study by Hildebrandt et al. (28) , in which no trauma was inflicted before sampling, a combination of fasting and exercise induced an increase in PDK4 mRNA level, indicating that the inducing signal is not trauma. The lack of GLUT4 regulation in the untrained subjects in our study does not immediately support the results of previous studies on GLUT4 expression (25, 26) . In this regard, one should take into consideration that the GLUT4 data reported by Neufer and Dohm (25) rely on transcription rate rather than measured mRNA level. As for the study by MacLean et al. (26) , only a small transient increase was measured at a time point not included in our study and in mice probably stimulated by a more powerful exercise stimulus. It is likely that a stronger exercise stimulus would have provided increased GLUT4 expression in our study. We also cannot exclude the importance of a fasting or feeding stimulus.
The lack of change in glycogen phosphorylase gene expression may be due to insufficient type or strength of stimulation, but we are unable to say at this time. Thus, when adding diet as a variable to an exercise situation, which is almost unavoidable, the complexity of gene expression patterns is of a nature and magnitude that makes the often used pre-sampling control model inadequate to deduce cause and effect.
In summary, some "exercise-induced" genes i.e., PGC-1α and mFABP are indeed exercise induced. Other previously assumed exercise-induced genes, like PDK4, are in fact more responsive to feeding than fasting and exercise. Similarly, MyoD and p21 appears to be responding to a time-dependent signal other than exercise and HSP72 is more responsive to a stress stimuli, but yet also responsive to an exercise stimuli. Other genes were significantly upregulated only in the exercise group, but since they did not differ significantly between the exercise and control group it cannot even be concluded firmly that they are exercise-induced. For instance, myogenin and LPL tend to increase in the control subjects as well, although the increases were not significant.
In conclusion, results from previous exercise studies should be re-evaluated and conclusions reconsidered, taking into account the possible influence of exercise-unrelated stimuli, e.g., dietary status and sampling-induced trauma. Thus, inclusion of a resting control group is probably more important in exercise studies than currently appreciated. In a broader perspective, a similar problem might exist in other human intervention studies on gene expression and presumably also signal-transduction using pre-sampling. 
